We demonstrate the evidenced exchange bias properties of graphene nanoribbons (GNRs) with the negative magnetic field cooling. Upon the negative field cooling from 300 K to 5 K, the hysteresis loop shifts along the negative magnetic field axis, that coincides with the cooling field direction. This observation indicates that there exists a positive exchange bias in GNRs. Furthermore, enhanced exchange bias was observed when the polarity of field cooling is negative as compared with positive field cooling, hinting that there might be complex interplay between orbital and spin degrees of freedom. In addition, the variation of exchange bias and the coercive field as a function of negative cooling field is also studied.
Introduction


Utilization of the spin degree of freedom in addition to the orbital one in the magnetic nanostructures has given an opportunity in exploring them in the data storage devices [1] . Novel properties can be realized from the aforesaid devices since the length scales of them would alter [2] . Among the most appealed properties in recent past, exchange bias (EB) phenomena has gained much interest due to the fact that it can be utilized in various data storage devices such as the magnetic random access memory and the spin valve structures [3] [4] [5] [6] [7] [8] . Essentially, EB effect is an interface phenomenon, which can be induced in the systems consisting of ferromagnetic (FM) -antiferromagnetic (AFM) [3] , FM -spin glass (SG) [9] , AFM -ferrimagnetic (FI) [10, 11] and FM -FI [12] interfaces. Exchange bias or exchange anisotropy can be realized as a shift in the hysteresis loop along the magnetic field axis up on cooling the FM -AFM interface through a Néel temperature (T N ) of AFM in the presence of the magnetic field [3] . It has been believed that the pinned spins at the interface results in shift of the hysteresis loop along magnetic field axis. In general, if the loop shifts opposite to the cooling field direction it is called as the negative EB and if loop shifts along the cooling field direction it is called as the positive EB [7] .
Due to the high carrier mobility, long spin life time resulting from the low spin-orbit coupling (~10 -4 eV) and the low hyperfine interaction of graphene at room temperature, it has been believed that it is promising material for the spintronic applications [13, 14] . On the other hand, the graphene nanoribbons (GNRs) are thin layers of the graphene which are characterized by the magnetic zigzag edges and apparently are absent in the graphene [15] [16] [17] . Existence of the long range magnetic ordering among the edge states of GNRs has been demonstrated by the first principle calculations [15, 18] . It has been believed that the long range magnetic ordering is a FM if there is a coupling between the spins that residing on the same edges,
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however, this would be an antiferromagnetic (AFM) if the coupling occurs between the opposite edges. Such magnetic, EB and the dynamic response of EB of potassium splitting of the multiwalled carbon nanotubes (GNRs) have been paralleled by experimental observations recently [19] . Possible sources for the observed ferromagnetism has been suggested from the clustering of magnetic fragments comprises of carbon defects coupled with hydrogen.
On the other hand, observed negative exchange bias in the GNRs up on a positive cooling field has been attributed to the presence of the AFM regions mixed with a FM phase [20] . A plethora of experimental investigations have proved that negative magnetic field cooling (NFC) would have pronounced effects on exchange bias properties [21] [22] [23] . Such marked results pertinent to exchange bias have been attributed to existence of pinned and rotatable spins at the interfaces. Hence, in the present manuscript, we demonstrate the effect of negative magnetic field cooling on exchange bias properties of GNRs.
Experimental
The GNRs were produced directly from the unzipping of the carbon nanotubes as reported by Tour's group [24] . In this process, the potassium metal and the multiwall carbon nanotubes were sealed in a glass tube and heated at 250 ºC for about 14 h in the furnace and subsequently quenched to affect the longitudinal splitting process. Further this splitting process assisted by the generation of the H 2 upon the ethanolic quench. Finally, the GNRs which are free from the oxidative damage, are obtained from the exfoliation of the multiwall carbon nanotubes upon the sonication in a chlorosulfonic acid. Structural and microstructural measurements have been reported on GNRs [24] . The magnetization measurements were carried out using a physical property measurement system which consists of a vibrating sample magnetometer (Quantum design) in the temperature range of 5-300 K and up to the maximum magnetic field of 10 kOe. The samples were cooled in the presence of the negative magnetic field to a desired temperature, 5 K and then the hysteresis loops were recorded.
Results and Discussion
Now, we discuss the results of the magnetization in exploring the EB effect in the GNRs. In our earlier work [19] , we have reported that the low temperature susceptibility of the GNRs exhibits a peak at 70 K under the zero field conditions (ZFC), such a broad maximum has been correlated to the competing interaction between various FM and AFM magnetic phases. Such competing interactions lead to a negative EB upon positive field cooling. In the present work, the GNRs were cooled under ZFC and NFC conditions from 300 K. During ZFC process, no magnetic field was applied. However, under NFC condition, GNRs were cooled from 300 K to 5 K in the presence of the negative magnetic fields: -1, -2, -3 and -4 kOe and the corresponding hysteresis loops were recorded between -10 kOe and 10 kOe.
From Fig. 1 , it is clear that for GNRs, there exists hysteresis with coercivity (~200 Oe) at 5 K. It is also evident that magnetization is not saturated as though we need to apply higher fields to saturate. In order to validate the observed magnetization graphs, curves are fitted with the Langevin function. Fig. 2 depicts the fitted isothermal magnetization graph at 5 K with the Langevin function which is valid for the classical spins of S = 1/2, which describes the disordered magnetic behavior. The equation that we used is given as:
where, M is the magnetization, μ 0 is the permittivity of vacuum, μ B = 9.274 × 10 -24 J/T is the Bhor magneton,
is the saturation magnetization in emu/g, T = 5 K. From the fitting, large value of the theoretical magnetic moment is observed, which suggests the clustering of the S = ½ spins. The possibility of the cluster magnetism in the graphene-derived materials has been observed earlier in literature by various groups [25] [26] [27] . Furthermore, there exists a loop opening at the origin which indicates ferromagnetic behavior. It is also apparent that the hysteresis loop is symmetric with respect to the magnetic field axis, under the ZFC conditions. However, in NFC condition, hysteresis loop shifts along the negative magnetic field axis, which may be due to the pinning of the spins at FM and AFM interface. Essentially, the hysteresis loop shifts along the negative field axis as shown in inset of Fig. 1 heterostructures [21] . Observed positive exchange bias can be explained on the basis of the competing exchange interaction between the FM -AFM phases and the coupling between an applied magnetic field -and spins which are aligned antiferromagnetically at the surface [4] . Essentially, there exists a complex interplay between various phases and externally applied magnetic field. In general if the interfacial interaction at FM/AFM interface is FM or AFM, negative exchange bias would be evident. In contrast, in order to realize a positive exchange bias, the interfacial interaction must be AFM. Hence, we believe that in GNRs up on NFC, AFM coupling exists between the two magnetic phase.
Such a strong AFM interaction leads to a large interface magnetic energy which may demand large cooling field (H FC ) to align the antiferromagnetic surface magnetization along the cooling field (H FC ). However, it is very interesting to note in our present investigation that with few kOe of H NFC , it is possible to observe positive EB in GNRs despite having an anticipated AFM interface between the FM and the AFM phases. Earlier positive EB has been observed in FeSn-FeGd ferromagnetic and ferrimagnetic bilayers by Canet et. al, and such effect has been attributed to the located domain wall at the interface [28] . Keet. consequently couple antiferromagntically to each other, which leads the exchange bias effect. Such positive EB has been observed at 10 T [31] . The noteworthy observation in the present GNRs is that we could see a positive EB with few kOe magnetic fields under the NFC conditions. Now we quantify the aforesaid positive EB (H E ) and coercivity (H C ) values from the loop opening using the equations:
where, H CL and H CR are left and right coercive fields of the hysteresis loop. Variation of the H E and the H C with respect to the negative cooling field strength H NFC is depicted in the Figs. 3a and 3b respectively. From Fig. 3a , it is apparent that the H E increases up to a critical field (1 kOe) and diminishes above the critical field. Such a variation of H E exactly mimics the variation of EB in phase separated pervoskite manganites. The variation of the H E vs. H NFC could be fitted with the following equation [32] :
where, L(x) is the Langevin function, where x = μH NFC / k B T f , μ B = 9.274 × 10 −24 J/T is the Bohr magneton, k B = 1.381 × 10 −23 J/K is the Boltzmann constant and is the magnetic moment of the clusters, g is the gyromagnetic factor, J i is the interface exchange coupling constant, H NFC is the cooling field, and T f = 5 K. Extracted negative value of the J i (J i < 0) from fitting indicates that there exists an AFM coupling between the FM and AFM phases, which is in consistent with our earlier discussion. From the exchange bias variation, a maximum value of H E ~ 52 Oe is observed when the GNRs were cooled with negative field of 1 kOe. On the other hand, previously, a maximum H E of 40 Oe has been observed upon cooling the GNRs with a positive field value of 4 kOe [19] . Our results are in accordance with the work done by Wu et. al [22] , where they reported exchange bias properties of BFO/LSMO heterostructure. The magnitude of H E is higher when BFO is negatively polarized and lower when BFO is positively polarized by an applied electric field. Such intriguing phenomenon has been attributed to the presence of both the pinned and rotatable spins at the interface. We strongly believe that similar phenomena might be happening in GNRs as well. This certainly requires additional measurements, which is of our future goal. Fig. 3b demonstrates the variation of the H C with respect to the H NFC . The variation of H C exactly mimics the variation of H E until the critical field which is in striking coincidence. Such intriguing variation of the H E can be explained on the basis of the fact that the pinning of the magnetic moments at the FM -AFM interface of the GNRs which sets in when the GNRs are cooled down to 5 K in the presence of the magnetic fields and leads to a large increase in the H E . At higher H NFC , the effective magnetic coupling (Zeeman coupling) between the field and the AFM moments increases, which further orients the AFM moments along the field direction. At that stage, the Zeeman coupling over comes the exchange coupling at the interface of the FM-AFM, leading to a decrease in EB field [20] . On the other hand, H C increases initially and sluggish at higher fields, which is typical for an EB system. Similar variation for H C has been observed in EB systems by other groups [33] [34] [35] . However, a complete understanding of positive EB in potassium split GNRs upon negative field cooling which is being planned.
Conclusions
With the negative field cooling a positive exchange bias prevailed in GNRs and such intriguing phenomenon is attributed to existence of strong antiferromagnetic coupling between competing FM and AFM phases. Enhanced exchange bias value was observed up on negative field cooling. It is believed to be due to existence of pinned and rotatable spins at the interfaces. Obtained results from fitting of the variation of exchange bias field with cooling field indicates a negative exchange coupling coefficient, which is in consistent with the observed positive exchange bias. These experimental findings will be helpful in developing graphene based spintronic devices.
